A large number of molecular, cellular, and epidemiologic factors have been implicated in the regulation of bone development. A major unsolved problem is how to integrate these disparate findings into a concept that explains the development of bone as an organ. Often, events at the organ level are simply presented as the cumulative effect of all factors that individually are known to influence bone development.
Introduction
Bone development is one of the key processes of intrauterine and postnatal growth. Indeed, major abnormalities in bone development are incompatible with survival. Elucidating the mechanisms of this process, therefore, is an important task in biology and medicine. Similar to other fields of biomedical investigation, current research in bone biology relies heavily on the reductionist approach, which excludes the physiologic context as far as possible and focuses on the role of individual fac-tors (Bell 1999) . Methods based on this approach have led to spectacular new insights into the molecular and cellular events occurring during bone development. A rapidly increasing number of factors, commonly called determinants or regulators of bone development, have been implicated in this process. To the list of molecular and cellular factors must be added the many environmental and behavioral factors identified by epidemiology, such as nutritional aspects and physical activity. Thus, the reductionist approach has been extremely useful in identifying individual parts of the developing bone's machinery. The problem is how to pull the individual pieces together. This is an essential task when it comes to explaining bone development at the level that interests patients and physicians most -the organ level.
Possibly the simplest way to devise such a model is to present bone development as the cumulative effect of factors that individually are known to influence bone development. This could lead to a model similar to the one shown in figure 1, which, with some variation in detail, is widely used in the current literature. Organ-level bone development results from the osteotropic action of a variety of contributors. Although apparently straightforward, a weak point of this model is that it presents bone development as a process of blind steering. None of the proposed determinants of bone mass and architecture have any current information on how much bone has already accumulated and how much more is needed. This is similar to driving a car with eyes closed and ears plugged; hardly a good strategy for traveling safely.
A functional model of bone development: the mechanostat
The cumulative concept outlined above inevitably presents the organ bone as the slave of its cells and molecules, inasmuch as it starts from the question «How do cells and molecules control or regulate bone development?» This is not the only possible way to start analyzing bone development. An alternative approach could be to ask the reverse question: «How does bone, the organ, control its cells and molecules to develop?» The following will illustrate this idea. Based on the reductionist approach, one might conclude that bone growth in width is controlled by the proliferation of periosteal osteoblast precursors. However, this is similar to saying that a car is moving because the wheels are controlled by the turning axes. Although both statements reasonably explain a phenomenon, they certainly catch just a small part of the truth. As far as the phenomenon of the moving car is concerned, asking the question «Who is the driver and where does he want to go?» could lead to complementary insights.
What then drives bone development and what is its' destination? To address the second part of the question first, a student of current bone literature might answer «The goal of bone development is to accumulate peak bone mass.» However, it is hard to see why a bone should be programmed to become as heavy as possible. Indeed, heavy bones may rather be a disadvantage for wild animals, because additional weight increases energy expenditure and decreases running speed (Parfitt 1994) . Maximizing the body's calcium stores by increasing skeletal weight probably does not carry a big functional advantage, as serum calcium is maintained stable even in severe osteopenia.
The functionally most relevant property of a bone is not its weight, but its strength. Bone strength is critical for survival, because fracture of a major bone usually means death for an adult wild-living animal (Parfitt 1994). As a consequence of this strong selection pressure, the evolutionary process should have led to mechanisms that maintain bone's mechanical integrity by whatever means are available. Thus, the aim of bone development should be to make bones as strong as necessary (Parfitt 1994) . In that perspective, increasing a bone's mass is not the aim of bone development, but rather one of the means to achieve this aim. Another means to increase bone stability is to adapt bone architecture, either on the macroscopic or on the microscopic level (Lanyon 1992 , Turner & Burr 1993 .
A viable model of functionally controlled bone development has to take into account a general principle of regulation, which applies to biology, engineering, and even to human organizations (Heaney 1995 , Lanyon 1996 . Control requires not only the ability to act, but also needs information on the current state of affairs. Thus, a controlled system needs to have both effector and sensor mechanisms. The former performs an action, the latter generates feedback signals, which indicate whether the desired effect has been achieved or not. This automatically implies that there has to be information within the system about what the desired effect is. These requirements for a controlled system are met by Frost's mechanostat model (Frost 1987 ) and related approaches , Lanyon 1996 ) (see figure 2 ). It is proposed that the desired effect of bone homeostasis is to keep the mechanically induced deformation of bone (in biomechanical terminology called «strain») close to a preset level, or set point. The deformation of a bone is a surrogate measure of its strength, because a strong bone will deform less than a weak bone when a mechanical challenge is applied. Bone deformation generates canalicular fluid flow (Qin et al 1999) , which could be monitored by osteocytes (Aarden et al 1994) . When bone deformation exceeds a certain acceptable limit, osteocytes might sense this and send out signals, which could lead to adaptations in bone mass and architecture (Donahue 2000) . These adaptations increase bone strength, and the mechanical strain returns to the acceptable level.
According to this model, changes in bone mass and architecture occur when bone stability is challenged and bone deformation exceeds an acceptable level. To put it differently, the required mechanical strength of a bone determines its mass and architecture, not vice versa. During growth, bone stability is continually threatened by two processes, the increase in bone length and the increase in muscle force. Longitudinal growth increases lever arms and bending moments and therefore leads to greater bone deformation (Turner & Burr 1993 . Greater muscle force will also increase bone deformation during muscle contraction. Body weight alone puts relatively small loads on bones, but the effect of weight is amplified by muscle action (Burr 1997 , Martin et al 1998 . These challenges create the need for adaptational changes in bone mass and architecture. This answers the first of the two questions asked at the start of this discussion: what drives bone development? In the mechanostat model, the drivers of bone development are two nonbone organs, growth plate and muscle.
Discussion
The proposed model distinguishes two functionally different phases of bone development. The first is skeletal patterning, in which the basic shape of all bones is preformed according to a genetically determined plan. Spatial information at that stage is provided by morphogens and similar signaling molecules. The second phase starts when mineralization occurs in these templates and diffusing morphogens can no longer reach all cells involved in bone development. The spatial information about where mineralized bone needs to be added and where it should be removed is now provided by mechanical strain. This mechanical information is translated into biologic signals using the mechanostat mechanism. Bone mass and architecture are adapted to keep mechanical strain close to the set point. The mechanical stress required for this scenario comes from muscle contraction, which is present at the time when bone mineralization starts (de Vries et al 1985) . Thus, in this model postembryonic bone development is controlled by the functional requirements of bone as an organ. Thus, bone the organ, is not the slave, but the master of its cells and molecules, which it coordinates with the aim to maintain structural integrity.
Are mechanical factors more important for bone development than hormones and nutrition? The mechanostat model suggests that this question is similar to asking whether the steering wheel or the accelerator is the predominant regulator of car driving. As shown in figure 2, mechanical and nonmechanical factors are not competitors. Nowhere in the model could one of these factors substitute for the other, because they have different roles. Hormones and nutrition influence the mechanical loads on growing bone by acting on longitudinal bone growth and muscle mass. Hormones and nutrition might also alter the mechanostat set point, or the width of the tolerance zone around the set point, and they could modify many aspects of osteoblast and osteoclast performance. However, hormones and nutrition cannot replace the guiding effect of mechanical strain on bone.
